INTRODUCTION
Recently, the high power laser has been applied in the field of medical engineering, where optical breakdown is occasionally realized by laser beam focusing. Laser-induced optical breakdown generates shock waves and bubbles, and is used for medical applications (A. G. Doukas et al., 1991 : Rok Petkovšek et al., 2007 . Laser-induced shock waves and bubbles sometimes cause damage to tissues. Therefore, the propagation of laser-induced shock waves and the behavior of laser-induced bubble near the soft materials as body tissues need to be clarified. Many experiments on the behavior of laser-induced bubble near rigid material have been reported (Ed Zwaan et al., 2007) . Rigid wall near the rebounding bubble makes an asymmetric flow field. Behavior of the single bubble near the solid wall is affected by the asymmetric flow field. It is well known that the bubble near the rigid wall moves toward the wall, and then unsteady movement of the bubble strongly depends on the positional relation between the bubble and rigid wall(s) (Ed Zwaan et al., 2007) . The behavior of laser-induced bubble near the soft material, however, has not been clarified enough.
Our research has concentrated on the behavior of laser-induced bubble near a rigid wall and near an elastic/soft wall by visualization. We have analyzed the behavior of the bubble using the visualized bubble images, and then clarified that the behavior of laser-induced bubble is changed by the difference of material near the bubble. The observed bubble behavior is discussed in this paper. 
EXPERIMENTAL APPARATUS AND METHOD
In our research a pulsed Nd:YAG laser beam was focused into the distilled water in order to make plasma and a single bubble. Bubble behavior was visualized by schlieren method and shadowgraph method. Experimental apparatus for schlieren method is shown in Fig. 1 . This experimental apparatus consists of Nd:YAG laser, water vessel, test wall, lens system, flash lamp and digital still camera. A pulsed Nd:YAG laser (LOTIS TII, LS-2135, 532nm, 10-12ns pulse duration) oscillated at 1.0Hz. The emitted laser beam was shaped by the beam trimming parts, and converged into the distilled water. Distilled water was kept in acrylic water vessel at room temperature under the atmospheric pressure. Lens array was fixed on the vessel. Test wall was fixed near the focusing position of laser beam in water. The position of the test wall was adjusted with XYZ stage. We used flat plate of aluminum, foam rubber, sponge, and whetstone as a test wall in this research. The laser beam was converged near the test wall to make plasma and a single bubble. At the same time, laser irradiation signal was sent from laser controller to delay generator (SUGAWARA Laboratories, RE-306), and then by the signal a flash lamp (SUGAWARA Laboratories, NPL-5) emitted a pulse light (180ns duration) after designated delay time. The emitted light passed through lens, water vessel, pinhole and R.B.filter (KAISER OPTICAL SYSTEMS, Rejection band filter #2891, 532nm) and entered into the digital still camera. A pinhole and R.B.filter were settled at a focusing position near the camera to weaken the laser light noise. We analyzed the behavior and shape of the bubble using these taken image data.
A high-speed camera (KEYENCE, Motion Analyzing Microscope VW-6000, Maximum 24000fps) was also used in order to observe the behavior of bubble with high-speed frame mode. Experimental apparatus for high-speed camera is shown in Fig. 2 . Laser, water vessel, test wall were same as abovementioned apparatus (Fig. 1) . Light source was included in VW-6000, and light for visualization was supplied through optical fiber. The laser beam was converged near the test wall and made plasma and a single bubble. Light source for visualization emitted light continuously. Tracing paper was settled between light source and water vessel in order to diffuse the emitted light. An R.B.filter was settled between the water vessel and the camera to weaken the laser light noise. We observed the behavior of bubble and the deformation of test wall at 24000fps. 
FUNDAMENTALS OF LASER-INDUCED BUBBLE BEHAVIOR
In this section, the fundamental aspects of laser-induced bubble behavior are described. If only single bubble is in liquid, bubble behavior is as shown below; (1) Pulsed laser beam focused into liquid makes plasma ( Fig. 3 (a) ).
(2) The single bubble is produced in liquid and rapidly expands by internal high temperature. At the same time, the strong pressure wave is generated by bubble inflation (Fig. 3 (b) ). (3) The bubble stops its growing. By inertial force the bubble grows beyond pressure equilibrium surface (described with broken line in Fig. 3 ). At this phase the pressure inside the bubble is lower than surrounding pressure ( Fig. 3 (c) ). (4) The bubble starts to shrink because surrounding pressure is higher than the pressure inside the bubble ( Fig. 3 (d) ). (5) During shrinking phase, the bubble shrinks beyond pressure equilibrium surface by inertia of bubble and surrounding. At the end of this shrinking phase, the bubble is at high pressure and high temperature ( Fig. 3 (e) ). (6) The bubble re-expands. At this phase the strong pressure wave is generated by bubble inflation ( Fig. 3 (f)). (7) As above described, the bubble shows several expanding and shrinking, and collapses on submillisecond time scale.
The solid wall near the bubble makes asymmetric flow field. Behavior of the single bubble near the solid wall is affected by the asymmetric flow field. The flow field makes lower pressure region during shrinking phase as shown in Fig. 4 . As the results, the bubble moves toward the wall, and sometimes makes micro-jet as shown in Fig. 5 . It is known that the behavior of bubble in asymmetric flow field strongly depends on the distance between bubble and solid wall. 
DEFINITION OF PARAMETERS
In this section the definitions of several parameters for analyzing bubble dynamics are described as follows.
(1) Elapsed time t: The pulsed Nd:YAG laser emits light at time t = 0. Elapsed time t can be changed by the delay generator at most 1 s temporal resolution. (2) Coordinates and bubble position: The origin is test wall surface under the focusing position. Yaxis is taken perpendicular to wall surface, and "y t " indicates position of bubble top, and "y b " indicates bubble bottom. 
EXPERIMENTAL RESULTS
In this section the experimental results are described. We performed four different types of experiments near an aluminum wall (h = 0.86mm), near a foam rubber wall (h = 0.85mm), near a whetstone wall (h = 0.93mm), and near a sponge wall (h = 0.85mm). The laser-induced single bubble visualized with schlieren method by digital still camera was observed as shown in Fig. 9 . Fig. 11 (b Fig. 12 . Expansion of the bubble was observed until approximately t = 61.2 s. The bubble near a foam rubber wall becomes vertically elongated and moves away from the wall after expansion. Temporal variation of the bubble position is shown in Fig. 13 (a) . Expansion, shrinking and rebounding of the bubble can be observed. Rapid growth of upper bubble surface (indicated by y t ) is observed during the rebounding phase (approximately t = 120 ~ 180 s). Temporal variation of Aspect ratio is shown in Fig. 13 (b) . The bubble near a foam rubber wall tends to become horizontally elongated during its shrinking phase and vertically elongated during the rebounding phase. The dispersion of Aspect ratio near a foam rubber is greater than that near an aluminum wall. Thus, behavior of the bubble near a foam rubber wall is obviously different from that near an aluminum wall. Whetstone is rigid material that has rough surface. Water cannot flow through the whetstone. Temporal variation of bubble shape visualized with schlieren method is shown in Fig. 14 . Expansion of the bubble was observed until approximately t = 61.2 s. The bubble near a whetstone wall becomes vertically elongated and moves toward the wall and collided. Temporal variation of the bubble position is shown in Fig. 15 (a) . Expansion, shrinking and rebounding of the bubble can be observed. This tendency is similar to that of the result near an aluminum wall. Temporal variation of aspect ratio is shown in Fig. 15 (b) .The bubble tends to become spherical during its expanding phase. The bubble near a whetstone wall becomes slightly vertically elongated during the shrinking phase and horizontally elongated by collision with the whetstone wall. This tendency is also similar to the result near an aluminum wall. Behavior of laser-induced bubble near a flat sponge wall was also visualized. Sponge is porous, elastic and soft material. Water can flow through the sponge. Temporal variation of bubble shape visualized with schlieren method is shown in Fig. 16 . Expansion of the bubble was observed until approximately t = 81.2 s. The bubble near a foam rubber wall shifts away from the wall after its rebounding phase. Temporal variation of the bubble position is shown in Fig. 17 (a) . Expansion, shrinking and rebounding of the bubble can be observed. The growth of upper bubble surface (indicated by y t ) is smaller than the result near the foam rubber wall. Temporal variation of aspect ratio is shown in Fig.  18 (b) . The bubble tends to keep spherical shape during the expanding and the shrinking phases. The dispersion of this value, however, suddenly increases when rebound starts. (a) (b) Fig. 17 Temporal variation of (a) bubble position and (b) aspect ratio near a sponge wall
DISCUSSION
The behaviour of the laser-induced single bubbles near an aluminum wall and near a whetstone wall moved toward the wall and collided. On the other hand the bubble near a foam rubber wall and near a sponge wall moved away from the wall. The behavior of bubbles near a foam rubber wall and near a sponge wall cannot be explained by the fundamental scheme described in section 3. High-speed camera helps to clarify these phenomena. Slight deformation of the foam rubber wall was observed by high-speed camera visualization. Significant deformation of the sponge wall, however, was not observed. The deformation of solid wall makes higher pressure region between the bubble and the wall by its elasticity (Fig. 18) . As a result, behavior of the bubble near an elastic and soft wall is inverted to the moving flow field near a rigid wall. According to the high-speed camera visualization, this wall deformation will be caused by primary pressure wave or bubble expansion, or both. These results imply that, in the case of medical laser application, the behavior of the laser-induced bubble near body tissue will be different from that near bone. Furthermore, it is shown that we can control behavior of the laser-induced bubble by changing material or position of wall near the bubble. Additional work is underway to clarify the effects of other materials for bubble behavior and shock waves. Fig. 18 The effect of deformed elastic wall
CONCLUSION
In this research the behaviors of laser-induced bubble near an aluminum wall (rigid material), near a foam rubber wall (elastic and soft material), near a whetstone wall (rigid material) and near a sponge wall (elastic and soft material) in distilled water have been investigated by visualization technique.
The main results are indicated as follows:
